Nevertheless, it remains unknown if astrocyte membrane-bound factors also promote synaptogenesis. To address this question, we overlaid mature astrocytes onto isolated hippocampal neurons grown on spots of permissive substrate, and examined synapse formation. 
Introduction plating. After 8-9 days in culture, the neurons were overlaid with astrocytes (Astrocyte Plus) or left in culture Astrocytes have traditionally been considered passive with astrocytes at the periphery (Control). A typical enbystanders in the formation and operation of neural circounter is shown in Figure 1C . Astrocyte plasma memcuitry. Accumulating evidence, however, suggests that branes were labeled with a fusion of GFP and the 22 these cells are in fact active participants in the creation amino acid N terminus of the Lyn receptor tyrosine kiand control of synapses (Haydon, 2001) . Although the nase (Lyn-GFP) (Sawano et al., 2002). After 10-15 min, co-culture of purified neurons with astrocytes can faciliastrocytes began to move along the neurites while dytate synaptogenesis, it is unclear whether diffusible or namically changing shape, as seen in the time-lapse membrane-bound astrocyte-derived factors were reimage ( Figure 1D ; a full sequence is shown in Supplesponsible for this increase in synaptogenetic efficiency mental Figure S1 at http://www.neuron.org/cgi/content/ (Pfrieger and Barres, 1997). Previous studies showed full/41/3/405/DC1). Within 24 hr, the astrocyte settled that an astrocyte-derived signal released into the medown, remaining on one face of the neuron. Throughout dium induces the maturation of retinal ganglion cells the 2 day observation period in all cases, a significant (Ullian et al., 2001 ); this diffusible factor was identified as fraction of the neuronal surface remained untouched by cholesterol complexed with apolipoprotein E-containing the astrocyte. lipoproteins (Mauch et al., 2001 ). As synaptogenesis entails the formation of a large quantity of membrane struc-
Maturation of Presynaptic Terminals tures (such as synaptic vesicles), the availability of astro-
by Astrocyte Overlay cyte-produced cholesterol may serve to limit synapse Under these experimental conditions, any observed difdevelopment. It has also been reported that astrocyteferences between Astrocyte Plus and Control neurons released L-serine and glycine promote survival, dendrican be directly ascribed to contact effects of the overlaid togenesis, and the electrophysiological development of astrocytes, as both are exposed to diffusible astrocytecultured cerebellar Purkinje neurons (Furuya et al., 2000) . derived factors. Incubation of neurons with overlaid astrocytes for 2 days significantly augmented FM4-64 staining at the processes (Supplemental Figure S2 at http://www.neuron.org/cgi/content/full/41/3/405/ neurons (47.3 Ϯ 59 s, n ϭ 303 puncta) ( Figure 2D ). The higher destaining rate of the FM dyes may suggest that DC1), suggesting the maturation of these presynaptic terminals. The astrocyte-dependent maturation of preastrocyte contact changes neurotransmitter release properties as well as the number of release sites. synaptic terminals was examined in greater detail using the FM1-43 dye. FM1-43 labeling was performed by depolarizing the neuron for 90 s in a high-K ϩ (90 mM Effects of Astrocyte on Autaptic EPSC Amplitude To examine effects of astrocyte contact on synaptic KCl) buffer. Under these conditions, neurons co-cultured with astrocytes (n ϭ 19 cells) for 2 days displayed strength, autaptic EPSC amplitude was measured in neurons untreated (Control) or overlaid with astrocytes three times the number of fluorescent puncta as isolated neurons (n ϭ 12 cells) (Figure 2A ). In addition, the fluo-(Astrocyte Plus). Figure 3A shows typical responses to paired-pulse stimuli (50 ms interval). The amplitude of rescence of the puncta of neurons in contact with astrocytes was roughly twice as intense as that seen in the EPSC was significantly enhanced by astrocyte contact. Similar results were obtained from other experiisolated neurons. Using identical observation conditions, the average fluorescence intensities of FM 1-43-ments using eight Control samples and eight Astrocyte Plus samples. Statistically, the astrocyte-dependent inlabeled puncta in Control and Astrocyte Plus samples were 630 Ϯ 130 (n ϭ 303) and 1,280 Ϯ 240 (n ϭ 414), crease in the EPSC amplitude was about 5-fold (Control, 582 Ϯ142 pA, n ϭ 9; Astrocyte Plus, 2,522 Ϯ 388 pA, respectively. Destaining of FM dye-labeled puncta reflects calcium-dependent transmitter release (Ryan, n ϭ 9, p Ͻ 0.01) ( Figure 3B ). There were no significant differences in the series resistance ( Figure 3C ). By contrast, the distribution for 12 isolated neurons was broad, with a peak at 16.2 Ϯ 9.9% (n ϭ 303 puncta) Subsequently, asynchronous excitatory postsynaptic currents (EPSCs) were recorded following stimuli ( Figure  (Figure 2C, gray bars) . The other quantity measured was the rate of destaining, , which was shorter and more 3D). Comparison of the amplitude histograms of the Control (n ϭ 9) and Astrocyte Plus (n ϭ 9) samples uniform in the 19 neurons co-cultured with astrocytes (14.3 Ϯ 7.7 s, n ϭ 414 puncta) than in the 12 control reveals that there was no difference (Kolomogorov-by enhanced efficacy of transmitter release at individual release sites, or by an increased number of functional synapses. Figure 3E ). It is therefore unlikely that the sensitivity we examined phosphorylation events using immunocytochemistry with antibodies specific for phosphorylated of AMPA receptors is altered by astrocyte contact. By contrast, the frequency of the asynchronous EPSC was molecules. While the phosphorylation of MAPK/Erk-2, JAK/STAT, and src family proteins remained unchanged, significantly increased by contact with astrocytes (Figure 3F) . The increase in frequency can be accounted for a polyclonal antibody against phosphorylated myristoy- aptic efficacy, and this possibility has not been explored extensively. While astrocytes appear to make local contact with neurons, it has not been shown whether the PKC Signaling and Synaptogenesis As global PKC activation and facilitation of synaptogeneffects on excitatory synaptogenesis are localized to the contact sites or propagated throughout the neuron. esis result from local contact with astrocytes, we ex- contact. In this study, however, they detected clustering and 4E). It is difficult, however, to separate the effects of of synaptic elements only after 16 days in culture in the direct contact from the effects of short-range diffusible presence of high concentrations of diffusible factors factors, opening the possibility that astrocytic contact from astrocytes. As our system used over a hundred provides the permissive conditions for the action of diftimes more astrocytes per neuron than this study, it is fusible factors. Regardless of the involvement of diffuslikely that the concentration of astrocyte-derived factors ible factors, here we present evidence for the requirement was saturated in our cultures. In fact, colocalization of of membrane-bound factors, demonstrating pharmacoGluR1/synaptophysin increased slightly in our control logically the requirement for integrin receptor binding cultures, but only after 18 days in culture (Supplemental in astrocyte-dependent synaptogenesis. 
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